system that we employed here using retroviruses is that the bait protein is expressed at a low to moderate level, Results more comparable to the levels of endogenous cellular proteins. Since it has been reported that the use of a Identification of Brd4 as a BPV-1 strong promoter to overexpress E2 protein can result in E2-Interacting Protein misfolding and disruption of E2 activity (Bastien and The PV E2 protein plays critical roles in the viral life cycle, McBride, 2000), we believe that this TAP system is parregulating viral transcription, as an accessory factor for ticularly suited for expression of E2 and affinity purifica-DNA replication, and in ensuring plasmid maintenance. tion of its natural interacting partners. Prior to the TAP These diverse functions suggested that E2 might interprotein purification, we have demonstrated that the act with a variety of different cellular partners. Although FLAG-HA-tagged E2TA proteins stably expressed in some cellular partners have already been identified in cells were functional in an E2 transactivation assay (data the literature using the yeast two-hybrid system and not shown). other biochemical approaches (Howley and Lowy, As shown in Figure 1B ). In our study, we chose BPV-1 E2 as a bait acids of both human and mouse Brd4, was used to blot protein trying to identify cellular E2-interacting proteins.
the protein samples coimmunoprecipitated with E2TA The full-length BPV-1 E2 protein (E2TA) consists of welland E2TR after tandem FLAG and HA affinity purification conserved N-terminal and C-terminal domains con-( Figure 1C ). The Western blot detected a major band of nected by a flexible hinge region ( Figure 1A ). The N ‫002ف‬ kDa and two shorter fragments present in sample terminus features a transcriptional activation domain coimmunoprecipitated with E2TA but not with E2TR. that functions in transcriptional activation, transcripThis 200 kDa band is the expected full-length product tional repression, ensuring plasmid partitioning, and inof Brd4. We believed that the two shorter fragments teracting with the viral E1 protein. The E2 C terminus may be proteolytic-cleavage products of Brd4 that concontains the DNA binding and dimerization domain tain the last 14 amino acid of the protein because similar (Howley and Lowy, 2001 ). BPV-1 also encodes two bands were also detected by mass spec analysis in the shorter E2 proteins, E2TR that initiates at an internal E2TA TAP sample ( Figure 1B ). This experiment coninitiation codon within the E2 open reading frame (orf) firmed the specific interaction of human Brd4 protein and E8/E2 that is expressed from a spliced mRNA fusing with E2TA and not with E2TR, thus demonstrating a requirement for the E2 N-terminal transactivation dothe E8 and E2 orfs. Both of these shorter forms lack In BPV-1-transformed mouse C127 cells, the viral genome is maintained stably in an extrachromosomal state reduced to nearly background level. Using a standard curve to quantitate the relative amounts of DNA in the (Law et al., 1981). Since BPV-1 ably transforms C127 cells, we reasoned that blocking the tethering of the samples, we estimate a 95% reduction in BPV-1DNA levels in H2-CTD compared to HT-V cells. Furthermore, viral DNA to the mitotic chromosomes should result in a loss of the viral DNA and a decrease in the efficiency using fluorescence in situ hybridization (FISH), we were able to show that the BPV-1 episomes that were readily of transformation. We therefore generated C127 cells that stably expressed the Brd4-CTD using retrovirus detected associated with mitotic chromosomes in the H2-V cells were undetectable in the H2-CTD cells (data transduction as well as vector control cells and tested their respective susceptibilities to BPV-1 transformanot shown). These results provide direct evidence that Brd4 is associated with BPV-1 DNA in cells that stably tion. Stable expression of the Brd4-CTD was verified in the C127 cells by immunofluorescent staining; furthermaintain viral episomes. By blocking the E2/Brd4 interaction using the Brd4-CTD, we could specifically disrupt more, no differences were noted in the appearance or growth parameters between Brd4-CTD-expressing cells the association of BPV-1 genome to Brd4, confirming that the Brd4-episome interaction is mediated by E2. and vector control cells or nontransduced C127 cells (data not shown). As shown in Figure 6 , a comparable level of transformation assayed by focus formation was seen in the vector control cells and normal C127 cells. and anti-16E2 immunoblots showed the IP of the HPV16 In contrast, the numbers of colonies observed in the E2 protein only in cells transfected with FLAG-16E2 plasBrd4-CTD-expressing cells were decreased more than mid ( Figures 7B and 7C, respectively) . This result 90%. This decrease in transformation efficiency sugshowed that Brd4 protein was coimmunoprecipitated gests that the E2/Brd4 interaction could represent an from the nuclear extract with 16E2, demonstrating that excellent target for developing antiviral inhibitors. the interaction between Brd4 and BPV-1 E2 also applies to other PV E2 proteins.
Brd4 Interacts with HPV16 E2 Protein
To determine whether Brd4 might serve as the tether for other PV E2 proteins, we tested if the HPV16 E2 also Discussion interacted with Brd4. C33A cells were transfected with pCMV4-FLAG-16E2 or vector. Cytoplasmic and nuclear Some DNA viruses, like the PVs and the lymphotropic herpesviruses, which establish persistent or latent infecextracts prepared from these cells were subjected to anti-FLAG IP to pull down the HPV16 E2 protein and tions, must be able to maintain their genomes as stable episomes in the nuclei of infected cells. Although elaboassociated factors. A Brd4 immunoblot showed that the Brd4 protein and its proteolytic-cleavage products rate mechanisms have been demonstrated for the effective segregation of low copy number plasmids in procoimmunoprecipitated with E2 using anti-FLAG beads only in the nuclear extract of cells that were transfected karyotes (Niki and Hiraga, 1997; Nordstrom and Austin, 1989), the mechanisms by which eukaryotic episomal with FLAG-16E2 plasmid ( Figure 7A, lane 4) . The set of bands corresponding to Brd4 protein and its proteolyticviruses ensure genome maintenance have not been yet fully elaborated. cleavage products were not detected in C33A cells transfected with the empty vector plasmid (lane 3), nor A major obstacle for maintaining plasmids in eukaryotes is presented by the breakdown and reassembly of were they present in the cytoplasmic IP. Both anti-FLAG the nuclear membrane during cell division. Even highinstance, E2 was observed to localize diffusely in some of the cells in which it was stably expressed and to be copy-number extrachromosomal viral genomes could be excluded from the nucleus and subject to degradapresent in nuclear dots in others, raising the possibility that E2 may be associated with Brd4 in some fraction tion in the cytoplasm if not tethered to the chromosomes during mitosis. for 60 min. Cells were then washed three times with blocking/perand the product was subcloned into pcDNA4C vector using BamHI meabilization buffer and incubated for an additional 60 min using a and NotI sites. The resulting plasmid is pcDNA4C-His-XpressAlexa Fluor 488 goat anti-mouse IgG (Molecular Probes, 1/500 dilu-SV40NLS-hBrd4-CTD. The His-Xpress-NLS-hBrd4-CTD cassette tion) and a Alexa Fluor 594 goat anti-rabbit IgG (Molecular Probes, was reamplified by PCR and subcloned into pLPCX plasmid (BD 1/1000 dilution). Cells were counterstained with 0.3 M DAPI and Biosciences) to generate the pLPCX-His-Xpress-NLS-hBrd4-CTD examined using either a Zeiss LSM 510 Meta UV upright confocal plasmid for stable cell line construction. pGEX-E2TA, pGEX-E2TR, microscope and associated Zeiss LSM 510 software or a Leica and pCMV-FLAG16E2 were from our laboratory plasmid bank. All DMLB epifluorescence microscope equipped with a Leica DC 500 plasmid constructs were verified by DNA sequencing. digital camera. 
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